Abstract Chemokines are small, secreted proteins that have been shown to be important regulators of leukocyte trafficking and inflammation. All the known effects of chemokines are transduced by action at a family of G protein coupled receptors. Two of these receptors, CCR5 and CXCR4, are also known to be the major cellular receptors for HIV-1. Consideration of the evolution of the chemokine family has demonstrated that the chemokine Stromal cell Derived Factor-1 or SDF1 (CXCL12) and its receptor CXCR4 are the most ancient members of the family and existed in animals prior to the development of a sophisticated immune system. Thus, it appears that the original function of chemokine signaling was in the regulation of stem cell trafficking and development. CXCR4 signaling is important in the development of many tissues including the nervous system. Here we discuss the manner in which CXCR4 signaling can regulate the development of different structures in the central and peripheral nervous systems and the different strategies employed to achieve these effects.
Introduction
During the development of the nervous system neural stem cells born in the environment of the ventricular neuroepithelium must migrate to their final destinations where they develop into specific subsets of neurons and glia. This complex trafficking process has been shown to be under the control of several important messenger molecules that promote or inhibit migration. Importantly, when the adult brain is damaged, attempts at brain repair appear to recapitulate many of the features of this developmental program. One signaling system that has been shown to be of great importance for the regulation of both embryological and adult neurogenesis is that directed by chemokines, and the chemokine SDF1/CXCL12 in particular. Indeed, SDF1 signaling through its receptor CXCR4 is important in the development of nearly every tissue. Because this is the case it is also now clear that the same strategies are used time and again and that similarities are observed in the way that CXCR4 signaling controls neural development and that of the hematopoietic system and other tissues. Here we discuss the role of chemokines in neural development and how CXCR4 signaling is employed in the nervous system as well as other tissues. a transmembrane G protein coupled receptor (GPCR). Both these peptide and receptor families exhibit a number of conserved structural features.
The term chemokine is derived from their initial discovery as chemotactic cytokines. Each molecule has a molecular mass between 8-10 kDa. A hallmark of this family of proteins is four conserved cysteine residues that form disulfide bonds. The first and third cysteine, as well as the second and fourth, form the disulfide bonds creating the basis of the molecule's tertiary structure (Clark-Lewis et al. 1995; Fernandez and Lolis 2002) . Chemokines are subdivided into 4 subfamilies based on the amino acid sequence around the first two cysteine residues (Fernandez and Lolis 2002; Huising et al. 2003; Bonecchi et al. 2009 ). CXC chemokines or α-chemokines contain one amino acid between the first two cysteine residues. CC chemokines or β-chemokines have no intervening amino acid. Two other subfamilies are the CX3C or γ-chemokines that contains one family member and the C or δ-chemokine that only has 2 of the 4 conserved cysteine residues. Together, there are nearly 50 distinct chemokines (Fernandez and Lolis 2002; Huising et al. 2003) . Each chemokine has a trivial name reflecting the circumstances of its original discovery as well as an official name reflecting its structure. For example the chemokine CXCL12 is also known as SDF1 (Stromal cell Derived Factor 1), CCL2 is also known as MCP1 (Monocyte Chemotactic Protein 1) and so on.
Chemokine receptors are members of the family of G protein coupled receptors (GPCRs). The receptors are also classified into four subfamilies, based on the subfamily of ligands within which they interact (Table 1) . Thus, CXCR1-7, CCR1-11, CX3CR1 and CR1 represent analogous receptor subfamilies (Thelen 2001; Fernandez and Lolis 2002; Huising et al. 2003) . Within each subfamily of chemokines and receptors, there is significant cross reactivity as each ligand may usually bind to a number of receptors. Chemokines rarely bind receptors outside of their analogous receptor subfamily (Mackay 2001; Thelen 2001; Fernandez and Lolis 2002) .
Chemokine signaling
Upon activation of a chemokine receptor, GTP replaces GDP in the α subunit of the G protein. The G protein heterotrimer then dissociates from the ligand/receptor complex and signals through a number of downstream pathways. Both α as well as β/γ subunit complexes influence downstream signals. Many signaling pathways can be activated, including MAPK, FAK and PKB through α, and PKC and PyK-2 through β/γ subunits. A combination of these diverse pathways mediates a range of chemokine dependent cellular functions.
Chemokine receptors are also thought to dimerize or to form other types of higher order arrays which may additionally regulate the binding selectivity of ligands and the signaling options resulting from receptor activation (Springael et al. 2005; Bonecchi et al. 2010; Kramp et al. 2011) . Chemokine receptors have been observed to form homo-and heterodimers, as well as higher order oligomers (Lagane et al. 2008) . The signaling mechanism of a specific receptor complex may be different depending on what kind of multimer it forms (Thelen 2001; Springael et al. 2006; Sohy et al. 2009) . Finally, recent evidence shows that chemokine receptors may also interact and form complexes with other G protein receptors such as opioid receptors (Thelen 2001; Pello et al. 2008 , Toth et al. 2003 Burbassi et al. 2010; Heinisch et al. 2011) . However, although receptor multimers of this type have been observed in cell culture studies their significance for chemokine action in vivo is not clear.
As with most GPCRs, binding of a chemokine to its receptor results in desensitization and downregulation of receptor signaling. In many cases the ligand/receptor complex undergoes endocytosis (Mackay 2001; Thelen 2001; Neel et al. 2005; Borroni et al. 2010) . In some cases recycling of the receptor to the plasma membrane has been reported. Endocytosis and recycling can therefore regulate the availability of chemokine receptors at the cell surface (Neel et al. 2005; Borroni et al. 2010) . The endocytosis mechanism can also result in degradation of the ligand. As a result, these mechanisms can also regulate the level of chemokines in the extracellular environment. Clearly, endocytosis and recycling are potentially important mechanisms for regulating chemokine signaling (Jones et al. 2006; Borroni et al. 2010) . This possibility has recently become a subject of considerable interest owing to the discovery of the CXCR7 receptor, which is the only other receptor apart from CXCR4 that binds SDF1. CXCR7 is a member of a particular subgroup of chemokine "receptors", which also include DARC, D6, and CCXCKR, whose properties are somewhat unusual for GPCRs because, even though they bind chemokines, they don't actually activate G proteins. An examination of their sequences reveals that these receptors don't contain the amino acid motif that has been typically associated with the activation of G proteins by chemokine receptors (Borroni et al. 2008) . Hence, it has not been clear whether activation of these receptors can lead to cell signaling. However the repertoire of known signaling pathways associated with GPCRs is very large and so non-G protein-related functions such as the activation of β-arrestin mediated signaling can certainly be envisaged for these receptors (Rajagopal et al. 2010a, b) . Another idea is that these molecules primarily function as "decoy" receptors. That is to say they can bind chemokines and remove them from the external environment through receptor-mediated endocytosis. Once internalized by a decoy receptor, a particular chemokine may be degraded or even perhaps rereleased intact from another part of the cell, a process known as transcytosis (Borroni et al. 2008) . Previously, receptors like DARC and D6 have been shown to bind and internalize numerous chemokines-but not SDF1. SDF1 has been shown to be internalized via CXCR7 within the adult CNS endothelium (Cruz-Orengo et al. 2011) .
In addition to endogenous chemokine signals, both viral and bacterial proteins have been shown to signal through chemokine receptors. For example, Cytomegalovirus (CMV) contains a number of genes that are homologous to mammalian chemokines and chemokine receptors (Penfold et al. 1999; Saederup et al. 1999) . It is generally thought that infected cells may express these proteins as a mechanism for CMV to evade detection by the immune system. This is thought to play a role in the establishment of long-term persistence of CMV in mammalian hosts (Penfold et al. 1999; Saederup et al. 1999; Vink et al. 2001; Saederup and Mocarski 2002; Alcendor et al. 2009 ). In addition to CMV, the Epstein-Barr virus (EBV) contains genes that encode chemokine receptor like proteins (Nijmeijer et al. 2010) . These EBV proteins can actually heterodimerize with native chemokine receptors to impair their function (Vischer et al. 2008; Nijmeijer et al. 2010) .
The most notable and widely examined example of human pathology involves the Human Immunodeficiency Virus 1 (HIV1). HIV1 viral particles utilize chemokine receptors to enter a target cell (Doranz et al. 1996; Wells et al. 1996) . Viral entry is an essential step in HIV1 infection. The HIV1 coat protein gp120 binds CD4 in combination with either CCR5 or CXCR4, stimulating endocytosis of the complex and subsequently HIV1 is able to infect the cell (Lapham et al. 1996; Dittmar et al. 1997; Simmons et al. 1998 ). Blockade of CXCR4 or CCR5 has proven to be an efficacious method of preventing HIV1 entry, and thus prevents infection of target cells (Cocchi et al. 1996; Clapham et al. 1999) . Hence chemokine receptor signaling appears to have widespread functions in normal physiology and development as well as mediating the effects of numerous pathogens and the immune response to these organisms.
Rethinking the purpose of chemokines and their receptors: SDF1 and CXCR4
The numerous possible chemokine receptor interactions and downstream signal-transduction cascades, underscore the potential variety of functions for this signaling axis. As further evidence has emerged on the diversity of chemokine signaling, the essential nature of chemokine function has been rethought. In fact, the notion that chemokines are primarily chemotactic cytokines involved in inflammation is clearly not entirely correct. Certainly the diversity of chemokine signals evolved as the mammalian immune system expanded in complexity. The evolution of microbial genes also suggests that chemokine genes have coevolved through host-pathogen interactions. Yet, the origin of chemokine signaling is likely to have roots outside the immune system (Huising et al. 2003) .
The most ancient of the α-chemokines is SDF1, which likely represents the original chemokine. Of all the α-chemokines, it shares the closest homology to β-chemokines. The receptor for SDF1 is CXCR4, the HIV1 co-receptor, which also appears to be the original chemokine receptor (Huising et al. 2003) . Both SDF1 and CXCR4 are very widely expressed in the developing embryo (Fig. 1) . Initial examination of mice null for either SDF1 or CXCR4 revealed profound developmental impairments in a number of organ systems including the gastro-intestinal vasculature and bone marrow (Nagasawa et al. 1996; Tachibana et al. 1998; Zou et al. 1998 ). In the past decade, CXCR4 signaling has been demonstrated to play a role in implantation of the embryo (Dominguez et al. 2003; Valles and Domínguez 2006) , germ cell migration Knaut et al. 2003) , regulating hematopoietic homeostasis (Suratt et al. 2004; Lapidot et al. 2005; Dar et al. 2006; Sugiyama et al. 2006) , regulating the development of neuropathic pain syndromes (Oh et al. 2001; Bhangoo et al. 2007a, b; Bhangoo et al. 2009; Wilson et al. 2011 ) and the development of many cancers including gliobastoma (Sehgal et al. 1998a, b) , breast (Müller et al. 2001; Sloan and Anderson 2002) , medulloblastoma (Rubin et al. 2003; Yang et al. 2007 ) and colon cancers (Mitra et al. 1999; Zeelenberg et al. 2003) . These findings, especially in light of their high level of conservation, suggest that SDF1/CXCR4 signaling actually predated the evolution of the immune system (Huising et al. 2003 ).
Discovery of chemokines in the nervous system
Over the past decade, chemokines have been demonstrated to mediate a number of functions in the nervous system from the regulation of development and neural activity to neuropathology. These findings underscore a fundamental aspect of the chemokine biology, namely that chemokines perform functions well beyond the limits of the immune system. Chemokines were not originally considered to have functions in the brain, although these were initially revealed through studies on the molecular mechanism of HIV1 dementia (Miller and Meucci 1999; Miller 2008 ).
As mentioned above, the viral coat protein gp120 mediates viral entry into immune cells. In vitro studies of the effect of HIV1 isolates on cultured neurons indicated that even in the absence of systemic infection, HIV1 could induce apoptosis of neurons (Brenneman et al. 1988 ), implying that neurons must express the HIV1 receptor. The viral coat protein gp120 from two separate HIV1 isolates was shown to exert its toxic effect on neurons by binding CD4, in conjunction with other factors (Brenneman et al. 1988) . Moreover, subsequent investigations have also suggested that some versions of gp120 can produce neurotoxic effects in the absence of CD4 binding. These findings implicated HIV1 coat proteins (Hill et al. 1993) , particularly gp120 (Toggas et al. 1994) , as neurotoxic components in the genesis of AIDS dementia.
Initial work concerning the possible neuropathogenic effects of gp120 indicated the involvement of intracellular calcium (Dreyer et al. 1990; Kaiser et al. 1990 ). Subsequently NMDA receptors (Lipton et al. 1991; Savio and Levi 1993) , and inflammatory cytokines (Yeung et al. 1995; Westmoreland et al. 1996) , were shown to regulate gp120-induced neurotoxicity. In 1996, it was demonstrated that TGF-β, a protective cytokine, could decrease the toxic effect of gp120 (Meucci and Miller 1996) . This effect was shown to be mediated by regulating intracellular Ca signals (Meucci and Miller 1996) .
Independently of work on HIV1 neuropathogenesis, a putative chemokine receptor was cloned from the Locus Coeruleus. This group published evidence that the receptor was expressed in both neurons and glia of the adult rat brain (Wong et al. 1996) . The receptor was eventually shown to be identical to CXCR4. Further work with fetal human tissue demonstrated the presence of several chemokine receptors expressed by neurons Hesselgesser et al. 1997; Horuk et al. 1997; Hesselgesser et al. 1998) .
In keeping with these observations, it was demonstrated that a range of chemokines could induce calcium influx in cultured hippocampal neurons (Meucci et al. 1998 ). This work also showed that chemokines were able to modify the toxic effects of gp120. This was the first unambiguous demonstration that chemokines could signal in neurons (Meucci et al. 1998) . Rapidly, data emerged that indicated a role for chemokines in the nervous system in the case of HIV1 infection (Lavi et al. 1998) . 
Role of chemokines in neural development
Data from SDF1 and CXCR4 null mice reinforced the idea that chemokines and their receptors have important functions in the brain, and in brain development in particular. The first CNS defects were shown in the cerebellum of CXCR4 deficient mice (Zou et al. 1998 ). The same phenotype was observed for both SDF1 and CXCR4 null mice, suggesting that SDF1 acted through CXCR4 to regulate cerebellar development (Ma et al. 1998 ). Further brain abnormalities were observed in the dentate gyrus (Lu et al. 2002) , cerebral cortex (Stumm et al. 2003) and dorsal root ganglia (DRG) (Belmadani et al. 2005) all of which were shown to require CXCR4 expression for proper development. In some areas of the brain, such as the cortex, multiple cellular subtypes utilize SDF1/CXCR4 signaling for proper migration (Stumm et al. 2003; Borrell and Marín 2006; Paredes et al. 2006; Tiveron et al. 2006) . Moreover, SDF1/ CXCR4 signals regulate other CNS developmental processes such as axon guidance (Chalasani et al. 2003; Kreibich et al. 2004; Lieberam et al. 2005; Chalasani et al. 2007 ). The idea that SDF1/CXCR4 signals subserve essential developmental functions in the CNS supports the idea that this signal originated to control the CNS, and not the immune system (Huising et al. 2003) .
SDF1/CXCR4 signaling in the development of the nervous system
It is now recognized that SDF1/CXCR4 signaling regulates the development of nervous tissue in a number of different ways Tran and Miller 2003a, b) , particularly due to its effects on cell migration and axon guidance.
As noted above, mice null for either SDF1 or CXCR4 show pronounced defects in brain development. Some of the earliest data on specific roles for SDF1 and CXCR4 showed a role for this signal in regulating cerebellar granule cell migration (Ma et al. 1998) . Expression analysis showed that SDF1 is present in the meninges of the outer layer of the cerebellum perinatally (Ma et al. 1998; Klein et al. 2001) . During the first weeks of postnatal life, CXCR4 is expressed by cells immediately below the meninges in the external granular layer (EGL), which is a germinal zone (Reiss et al. 2002) . SDF1/CXCR4 signaling anchors these cells, the progenitors for cerebellar granule neurons, in the EGL where they are exposed to critical mitogens such as sonic hedgehog (Klein et al. 2001; Reiss et al. 2002) . Indeed, SDF1 itself may be a mitogen (Bajetto et al. 2001a, b; Klein et al. 2001; Barbero et al. 2002; Khan et al. 2003) .
Eventually, the maturing granule neurons migrate radially, through the pyramidal cell layer, to populate the inner granule cell layer (IGL). In mice null for either SDF1 or CXCR4, the radial migration occurs prematurely, preventing these cells from receiving the proper developmental cues in the EGL (Klein et al. 2001 ). This mechanism demonstrates how SDF1 can time the migration of newly born neurons, keeping them in a germinal zone until they receive appropriate cues from their final destination.
Meningeal SDF1 also regulates the migration of CajalRetzius (CR) cells in the cortex (Borrell and Marín 2006; Paredes et al. 2006) . CRs comprise a population of transient neurons that regulate CNS development. SDF1/CXCR4 signaling retains CRs near the meninges as they migrate across the surface of the cortex (Borrell and Marín 2006) . Eventually these cells populate the superficial cortical layers just below the pia mater, and produce the molecule reelin (Borrell and Marín 2006; Paredes et al. 2006) . Reelin gradients are fundamental to the laminar structure of the cortex (Caviness and Sidman 1973; Caviness and Rakic 1978; Ogawa et al. 1995; Rakic and Caviness 1995) . Without a proper reelin gradient, the 6 layers of the cortex become disorganized, and proper cortical circuitry is not established (Ogawa et al. 1995) . Thus, the role of SDF1 in regulating CR cell migration is essential for proper cortical development (Borrell and Marín 2006) . Importantly, CRs utilize meningeal SDF1 in a similar manner to the cerebellar granule cells. Migration of the CR does not require SDF1, but retention near the meninges is SDF1-dependent (Borrell and Marín 2006) . Disruption of SDF1/CXCR4 signaling leads to aberrant positioning in deeper layers of cortex (Borrell and Marín 2006; Paredes et al. 2006 ). This results in disorganized layers of cortex, and CNS circuitry is fundamentally corrupted. Thus, the migration of CRs away from the meninges is regulated by an SDF1-timing mechanism similar to that of cerebellar granule neurons.
Even though chemokines are known to act as chemoattractants in the immune system, one essential function of SDF1/CXCR4 signaling is in bone marrow homeostasis (Sugiyama et al. 2006) . Like the cerebellar meninges, stromal cells in the bone marrow use SDF1/CXCR4 signals to retain hematopoietic progenitors within the bone marrow in close proximity to the hematopoietic germinal matrix (Sugiyama et al. 2006) . As these cells mature, they are released into circulation. Pharmacologic blockade of CXCR4 results in emigration of many bone marrow cells into circulation and progenitor cells preferentially emigrate at a much higher rate than normal (Broxmeyer et al. 2005) . Thus, the concept of SDF1 as an "anchor" that regulates the timing of cells within a germinal zone is recapitulated in the immune system as well as in neural structures such as the cerebellum.
Moreover, the concept of meningeal-derived SDF1 in retaining CXCR4-expressing cells in the subpial region is recapitulated in multiple brain regions. Aside from the cerebellum and cortex, pontine pre-cerebellar neurons migrate using a subpial, meningeal-derived SDF1-guidance mechanism, and disruption of this signal results in ectopic formation of pontine nuclei, deep within the brainstem (Vilz et al. 2005; Zhu et al. 2009 ).
SDF1/CXCR4 signals have quite a different mode of action in the developing hippocampal dentate gyrus (DG) where SDF1 acts primarily as a chemoattractant rather than an anchor. Granule cell precursors migrate from the wall of the lateral ventricle in response to meningeal-derived SDF1 signals (Bagri et al. 2002; Lu et al. 2002; Li et al. 2009 ) that is from their germinal zone to the developing DG. In the DG, they form a temporary subpial zone (SPZ) where further development occurs (Li et al. 2009 ). The transient SPZ eventually gives rise to the sub-granular zone (SGZ), through a reelin-dependent process. In this case, an SDF1 gradient secreted by the meninges allows the formation of a temporary germinal zone, which eventually gives rise to a permanent DG structure in the hippocampus (Bagri et al. 2002; Li and Pleasure 2005; Li et al. 2009 ). Thus, the precise temporal sequence of SDF1/CXCR4 expression is important for the final formation of the SGZ and interruption of CXCR4 signaling results in lack of formation of the normal DG (Fig. 2) .
Further underscoring the important role for SDF1/ CXCR4 in hippocampal DG development is the fact that the DG is a site of active neurogenesis in the adult (Miller et al. 2008) . SDF1/CXCR4 is active in at least two subsets of cells in the adult hippocampus Marchionni et al. 2010) . CXCR4 receptors are expressed by DG neural progenitor cells and on immature DG granule cells both situated in the SGZ Kolodziej et al. 2008) (Fig. 3) . In the adult, SDF1 is expressed by neurons in the DG (Tran et al. 2007) . Recent work has shown that SDF1 exerts effects in the adult DG by modulating GABA-ergic inputs to CXCR4+ progenitor cells ). This line of evidence indicates a potential role for SDF1 and CXCR4 in adult neurogenesis. In the adult DG, it appears SDF1/CXCR4 has a separate regulatory role unrelated to migration. Thus, a gradient of SDF1 in the developing DG is supplanted by synaptic release of SDF1 in the adult DG, underscoring the temporal significance of each developmental cue.
A different example of gradient formation in SDF1/ CXCR4 signaling in neural development comes from the neocortex. Cortical GABA-ergic interneurons that migrate from the basal forebrain use the SDF1/CXCR4 signal to position themselves appropriately (Stumm et al. 2003; Liapi et al. 2008; Tanaka et al. 2010) . In contrast to the cerebellum, cortical interneurons migrate along a gradient of increasing SDF1 towards their final position. Deletion of either SDF1 or CXCR4 prevents proper migration, in this case leading to inappropriate ultimate positioning of the interneurons. As a result, a range of different GABA-ergic interneurons remains in deeper cortical layers, failing to migrate to their proper location in the superficial layers (Stumm et al. 2003; Tanaka et al. 2010) . This is very similar to how most chemokines work in the immune system, guiding cells to their final destination along a diffusible gradient.
The regulation of SDF1/CXCR4 in cortical interneuron migration is complicated by the presence of CXCR7 in the cortex during the same embryonic window as SDF1 and CXCR4 (Sánchez-Alcañiz et al. 2011; Wang et al. 2011) . Recent work indicates that CXCR7 works to modulate the SDF1/CXCR4 signaling gradient in several ways. One report indicates that CXCR7 may act to modify the SDF1 gradient in the cortex (Wang et al. 2011) . This is based on the finding that CXCR7 can act as a scavenger or "decoy" receptor, binding SDF1 in regions to which CXCR4 expressing cells do not normally migrate (Boldajipour et al. 2008; Wang et al. 2011) . Another proposed mechanism for CXCR7 is to modulate CXCR4 responsiveness for the interneurons in which both are expressed (Sánchez-Alcañiz et al. 2011). CXCR7 binds and removes extracellular SDF1 by endocytosis and so precisely regulates the extracellular levels of chemokine available for activating CXCR4 (Sánchez-Alcañiz et al. 2011). Furthermore, as CXCR7 is widely expressed in the developing embryo it is likely that it may modify the action of SDF1 in other cases as well (Schönemeier et al. 2008; Zhao et al. 2008; Olesnicky Killian et al. 2009; Göttle et al. 2010 ).
As mentioned above, the cortical meninges also regulate the development of cortical CR cells by anchoring them in the subpial zone (Borrell and Marín 2006; Paredes et al. 2006) . Thus, SDF1 expression from a single source regulates CXCR4 expressing cells in two different ways (Liapi et al. 2008) . While cortical interneurons utilize the gradient formed by meningeal SDF1, CR cells only require SDF1 as an anchor to remain in the subpial zone. This divergent function of a single signal illustrates the importance of multiple SDF1/CXCR4 signaling mechanisms even within the same brain sub-region.
Similar to the cortex, the brainstem also utilizes SDF1 in multiple ways but for the same cellular population. Precerebellar pontine nuclei are formed after proper migration of neurons along a subpial route, which is dependent on SDF1 (Vilz et al. 2005; Zhu et al. 2009 ). In CXCR4 null mice, many migrating cells moved deeply into the hindbrain, away from the meninges. A second migratory defect, however, was present as some cells failed to migrate anteriorly, from the dorsal germinal region. One group has provided evidence for an SDF1 gradient that is responsible for this anterior migration (Zhu et al. 2009 ). Gradients of diffusible SDF1 are a powerful and conserved mechanism for guiding chemotaxis. SDF1 that is present in the extra-cellular matrix can influence any CXCR4 expressing cell, providing a broad application for this mechanism. In vitro data often indicate this as the primary role for SDF1 in chemotaxis. Gradients are limited, however, by the diffusible distance of SDF1 and the existence of other sources of SDF1, perturbing gradient formation. Thus, it is clear that gradients comprise one of multiple signaling processes. Moreover, spatiotemporal regulation of diffusible gradients is essential such that they do not interfere with other SDF1/CXCR4 signals. (Lu et al. 2002) Guideposts: lining the chosen path Another important mechanism for SDF1/CXCR4 signaling involves guiding migration along a specific pathway. This can be accomplished through multiple mechanisms. One such example is migration of neural crest cells (NCC) to either the DRG (Belmadani et al. 2005) or the sympathetic ganglia (SG) (Kasemeier-Kulesa et al. 2010) . NCC express CXCR4 receptors and deletion of CXCR4 results in ectopic positioning of DRG (Belmadani et al. 2005) (Figs. 4 and 5) and SG do not form properly (Kasemeier-Kulesa et al. 2010) . The DRG and SG share an initial migratory path characterized by SDF1 expression. Upon reaching the DRG, certain NCC continue their migration to the SG, while others remain to populate the DRG (Kasemeier-Kulesa et al. 2010) . Those that continue to the SG require SDF1/ CXCR4 signaling, and migrate along another path lined by SDF1 expression. These results indicate that SDF1 is permissive for the SG progenitors that must continue past the DRG (Kasemeier-Kulesa et al. 2010) . Proper utilization of SDF1/CXCR4 involves the formation of SDF1 expressing pathways deep into the periphery, well outside the CNS.
Another example using SDF1-lined pathways is the migration of interneurons in the Subventricular Zone/Intermediate Zone (SVZ/IZ) path. These interneurons migrate in response to expression of SDF1 by motor neuron progenitors of the cortex (Tiveron et al. 2006 ). This population of interneurons is distinct from other cortical interneurons, in that they migrate tangentially along a transient pattern of SDF1 expression that is specific to the SVZ/IZ. Without requiring a gradient formed by the meninges, the interneurons stay within the stereotyped SVZ/IZ to reach the motor neurons with which they make cortical motor circuits (Tiveron et al. 2006 ). This is a unique example of motor neurons guiding the migration of interneurons, which is notable because the interneurons stay in close proximity to their targets throughout their migration.
A slightly different method of creating a migratory path involves a non-diffusible gradient (Schwarting et al. 2007 ). Essentially, CXCR4 expressing cells migrate along a gradient that is formed not by diffusion, but by the actual level of SDF1 expression by target cells. An example of this is in the migration of Gonatropin-releasing Hormone (GnRH) neurons to the forebrain, a migration that is impaired in CXCR4 Tran et al. 2007) null mice (Schwarting et al. 2006) . The GnRH cells migrate as differentiated neurons, from the vomeronasal organ (VNO) to the forebrain (FB). This migratory pathway contains mesenchyme that expresses SDF1. GnRH neurons transiently express CXCR4 as they migrate towards the FB, through the SDF1 expressing mesenchyme (Schwarting et al. 2007) . Critically, the level of expression in mesenchymal cells increases until the border of the mesenchyme with the FB. Thus, CXCR4 expressing cells utilize a gradient of cellular expression to find their path to the FB (Schwarting et al. 2006 (Schwarting et al. , 2007 . The mechanisms described here differ from the previous mechanisms in specific ways. This guidepost mechanism does not anchor CXCR4 expressing cells in a germinal or subpial zone. Moreover, the guidepost system does not rely on diffusible gradients of SDF1. Thus, this mechanism is a distinct mechanism that can work in parallel with the other mechanisms described above.
CXCR4 signaling and axonal guidance
In contrast to the regulation of progenitor cell migration, SDF1/CXCR4 can also act as a guidance cue. The following illustrations serve to underscore the importance of regulating the spatio-temporal distribution of SDF1 and CXCR4. Ectopic or dysregulated expression of either the ligand or the receptor can lead to developmental defects that include not only cellular migration, but axon guidance and circuit formation as well (Odemis et al. 2005; Toba et al. 2008; McIntyre et al. 2010) . Axons almost always involve long complicated projection paths. Failure of proper axon guidance may result in rendering a circuit useless. Moreover, axons relay signals along their length to their cell body, influencing neural activity at a distance. The classic example of SDF1 guiding axons is from the embryonic spinal cord, where growth cones of ventral motor neurons migrate towards a mesenchymal source of SDF1 (Lieberam et al. 2005) . These motor neurons exit the spinal cord ventrally, and grow to their peripheral targets, usually muscles. The initial ventral trajectory is defined by SDF1, as absence of the signal causes the axons to grow dorsally and exit through a different portion of the spinal cord (Lieberam et al. 2005) . Moreover, CXCR4 expressing motor neurons will evade sensory ganglia, while axons that lack CXCR4 expression will invade the DRG (Lieberam et al. 2005) . -(E, F) expressing cell group migrating toward the DRG (F is an overlay of D, E). P3, A-C, Coronal sections through wild-type E14.5 spinal cord processed with one-or two-color in situ hybridization for SDF1 (blue in A) or both SDF1 (brown in B, C) and CXCR4 (blue in B, C). SDF1 expression is strong over the dorsal neural tube and runs ventrally in two streams that appear to surround the DRGs (B, C; arrowheads). Note that at this later age, E14.5, neural crest migration to the DRGs is near completion (Belmadani et al. 2005) While motor neurons use SDF1/CXCR4 to determine their initial trajectory, other neurons utilize SDF1/CXCR4 as a modulatory signal for axon pathfinding. SDF1 is considered modulatory because in these cases it does not exert a guidance effect, either attractive or repulsive, in isolation. The effects of known guidance cues, in this case repellants such as Slit-2 or Semaphorins, are altered in the presence of SDF1/CXCR4 signals. The mechanism for this modulatory effect utilizes G protein mediated cyclic AMP elevation in the growth cone of target axons (Chalasani et al. 2003 (Chalasani et al. , 2007 .
Another example of SDF1 guiding axon growth occurs after SDF1 guides cells to their final location. As mentioned above, both DRG and SG neurons require SDF1 to reach their positions within the ganglia. After reaching their position within the ganglia, neurons from both the Dorsal Root Ganglion and Sympathetic Ganglion grow axons into the spinal cord (Chalasani et al. 2003) . In mice null for CXCR4, axons from the Dorsal Root and Sympathetic ganglia grow into the spinal cord aberrantly and are hyper-fasciculated (Chalasani et al. 2003) . Thus, SDF1/CXCR4 is not required for every aspect of axon guidance for the DRG and SG, but does regulate some aspect of spinal entry.
The effect of SDF1/CXCR4 on guiding axons reinforces the concept that SDF1/CXCR4 signals regulate multiple aspects of the developing brain. Clearly, improper distribution of SDF1 can lead to aberrant patterns, not just for migrating cells, but for developing axons as well. Thus, while gradients and other expression patterns of SDF1 are critical for cellular migration, these signals can also influence axons that grow into the developing tissue. As such, the distribution of SDF1 and CXCR4 must be tightly regulated for proper brain patterning.
SDF1/CXCR4 in non-mammalian systems: insight for further work in mammals
The various examples of brain development described above serve to illustrate the importance of specificity in SDF1/CXCR4 expression. All of the examples describe components of mammalian vertebrate brain development. Both the sites of SDF1 release and the timing of CXCR4 expression result in tightly regulated expression patterns, which the complex mammalian brain requires. The basic patterning motifs of the mammalian brain, however, derive from simpler vertebrate systems. SDF1 regulation of axon guidance (Miyasaka et al. 2007 ), SDF1/CXCR4 cellular chemotaxis (Sapède et al. 2005) and interaction between Similarly, DRGs marked by expression of TrkC are regularly shaped in a control mouse (F) but split or malformed in a CXCR4 null mouse (G) (Belmadani et al. 2005) CXCR4 and CXCR7 (Cubedo et al. 2009 ) have been reported in the nervous system of lower vertebrates. Thus, SDF1/CXCR4 activity in brain development predates mammals and is present in earlier vertebrates (Huising et al. 2003; Alonso et al. 2009 ). What can we learn from nonmammalian systems that have not already been examined in the mammalian brain? Many of the findings discussed above have analogous findings in non-mammalian systems. Entire nervous structures in the zebrafish, from GnRH neurons (Palevitch et al. 2010 ) to peripheral ganglia (Sapède et al. 2005; Dambly-Chaudiere et al. 2007 ), have analogous developmental requirements for SDF1/CXCR4 in mammalian vertebrates. While most of the examples given above have parallels in zebrafish, one instance remains unique to zebrafish, and may hold some insight for further mammalian studies on the roles of SDF1/CXCR4.
A recent study by Diotel et al. (2010) focuses on a population of cells that are present throughout the lifetime of the zebrafish, but are only present transiently in the developing mammalian brain. These cells, called radial glia, are shown to express CXCR4 throughout the adult zebrafish neuraxis (Diotel et al. 2010) . Moreover, SDF1 expression is detected at low levels in some of the radial glia as well. This study demonstrates the existence of CXCR4 in the cells that are slow dividing but retain some capability for assisting in the regenerative capacity of the adult zebrafish brain (Diotel et al. 2010) . The exact role of SDF1/CXCR4 for zebrafish radial glia, however, is unclear.
Importantly, two studies have published the existence of CXCR4 expression in radial glia, but neither has identified a function for SDF1/CXCR4 in this cellular population. Berger et al. (2007) demonstrate that the post-natal hippocampus has CXCR4 cells that label with glial fibrillary acidic protein (GFAP), a marker for both mature astrocytes and radial glia. Morphologically, their CXCR4-expressing GFAP + cells resemble radial glia (Berger et al. 2007 ). Thus, they hypothesize that SDF1 may play a role in the reorganization of the postnatal dentate gyrus by effects mediated on CXCR4-expressing radial glia. Stumm and Höllt (2007) demonstrate the presence of CXCR4 in telencephalic radial glia. Importantly they note that SDF1 is "not detectable" in the ganglionic eminences, and hypothesize that the meninges may be a source of SDF1 for radial glia (Stumm and Höllt 2007) . As a central player in brain development, radial glia are essential for a number of highly coordinate processes in brain development, including the proliferation and migration of many cell types. Yet, as non-migratory, non-axonal cells, radial glia would represent fundamentally different aspect of chemokine activity. Given the myriad effects of SDF1/CXCR4 in the development of the mammalian brain, it is somewhat surprising that radial glia have not been examined in greater detail.
Conclusion
The SDF1/CXCR4 signal is active throughout development of the neuraxis. The diversity of this signaling modality is evident, and suggests it has been integrated as a fundamental aspect of neural development. Many aspects of this signaling modality indicate the potential of chemokines as regulators of neural development. The dogmatic notion that limits the role of chemokines to chemotaxis is no longer adequate. Further work with receptor dimerization, mechanisms of cellular activity, regulation under pathological conditions and neuro-immune interactions promise to unveil fundamental aspects of chemokine activity in brain development.
